In this paper, the lapping process of wafer surfaces is studied with experiments and contact modeling of surface roughness. In order to improve the performance of the lapping processes, effects of mixed abrasive grits in the slurry of the free abrasive machining (FAM) process are studied using a single-sided wafer-lapping machine. Under the same slurry density, a parametric experimental study employing different mixing ratios of large and small abrasive grits and various normal loadings on the wafer surface applied through a jig is conducted. Observations and measurements of the total amount of material removed, material removal rate, surface roughness, and relative angular velocity are presented as a function of various mixing ratios and loadings and discussed in the paper. The experiments show that the 1:1 mixing ratio of abrasives removes more material than other mixing ratios under the same conditions, with a slightly higher surface roughness. Modeling of the mixed abrasive particle distributions correspondingly indicates that the roughness trend is due to the abrasive size distribution and the particle contact mechanics. The results of this study can provide a good reference to the FAM processes that practitioners use today by exploiting different abrasive mixing ratios in slurry and normal loadings in the manufacturing processes.
Introduction
Wafers made of materials such as silicon, III-V and II-VI compounds, and optoelectronic materials, require a high-degree of surface quality in order to increase the yield in micro-electronics fabrication to produce integrated circuits and devices. Due to the reduction of feature size in micro-electronics fabrication, the requirements of the wafer surface qualities, such as the commonly defined site flatness, nanotopography, total thickness variation, and warp [1] , become more and more stringent. To meet such requirements, the wafer manufacturing processes of brittle semiconductor materials, including slicing, lapping, grinding, and polishing have been continually improved. Following Moore's law, the international technology roadmap of semiconductors indicates that the 450 mm wafer will be in production in 2012 [2] to keep the trend of cost reduction. Many analyses and discussions have started to focus on the next generation wafer size [3] [4] [5] [6] [7] [8] . With the agreement of Intel, Samsung Electronics, and Taiwanese Semiconductor Manufacturing Company Limited (TSMC) at the 450 mm wafer manufacturing transition [9] , the next increase of wafer size is inevitable. With such increase, it is more difficult to achieve the requirements of wafer surface quality. Therefore, the advance of the machining processes such as wiresawing, lapping, and grinding is important.
Lapping has been a standard surface finishing process for glass products and semiconductor wafers for a long time. Lapping, by virtue of using third-body free abrasive for removing materials from substrate surface, belongs to the category of the free abrasive machining process, which is the same as slurry wiresaw slicing [10] [11] [12] . Although most research attributes the brittle material removal of lapping to indentation cracking models [13] [14] [15] [16] [17] , the actual mechanism is more complicated [18] [19] [20] . Aside from the mechanical properties of the workpiece and lapping plate, the distribution of abrasives, dynamic indentation cracking, motion of the abrasive grits and the ductile-regime machining [21] also complicate the analysis of the lapping mechanism.
Lapping and grinding are both postslicing wafer surface finishing processes. Because of their advantages and disadvantages, one or both of them are utilized in the manufacturing process [22, 23] . It is not clear which one will be favorable or employed in the 450 mm wafer industry. However, lapping is capable of removing warp efficiently until the invention of simultaneous double-sided grinding [23, 24] . In this paper, an experimental study and modeling of the surface roughness generated from lapping with a mixed abrasive slurry provides information on the influence of abrasive distributions in lapping.
Past research has emphasized the importance of abrasive size distribution in modeling; however, few have studied the change of the distribution of abrasive grit sizes. Bhagavat, et al. [1] is probably the first and the only one to study such topic. Their results showed that the mixed abrasives (for example, mixing F-400 and F-600 SiC) have higher material removal rate than the single-sized abrasives (for example, only F-400 SiC abrasives). However, their experiments discussed one mixing ratio of the abrasives, and the concentration of mixed abrasive slurries were different from that of the single-sized abrasives slurry. To study the influence of the change of abrasive distribution in lapping, experiments with different abrasive distributions and constant slurry concentration are necessary.
In this study, experiments were conducted by mixing two different sizes of SiC powders: F-400 and F-600. Five different mixing ratios of the abrasives were employed, with the ratio of the total mass of abrasives to the volume of carrier fluid (de-ionized (DI) water) being kept the same. The results show that the 50% mixing ratio (1:1) of the two different abrasives have the highest material removal rate (MRR), with a slightly higher surface roughness. In addition, the material removal rate is nearly proportional to the normal loading. The surface roughness, however, depends on the distribution of mixed abrasive grits but not the total loading. This is comparable to results presented in the literature [14, 15] . A model of surface roughness based on particle contact depth was utilized to compare the effects of different mixing ratios. The roughness and penetration depth in lapping have been modeled by the Hertzian formulation [25, 26] , as well as the statistical nature of the contact using probability functions [17, 18, 27] . The particle distribution nonuniformity (standard deviation) has been found to correlate with the MRR in lapping [28] , where for a large variation in particle size led to an increased MRR. Here, the contact depth is obtained by the Hertzian formulation of Cook [26] and extended to a roughness analysis using two particle distributions. This model considers the particle size effect on active abrasive grits, the abrasive size distributions, and the applied load, to provide a correlation with the experiments using the process parameters.
Experimental Setup
Logitech PM5 one-sided lapping machine, as shown in Fig. 1 , was employed in this experimental study. A PP6GT jig was used to hold the silicon wafer, which was mounted on glass plate by wax. The dial gauge mounted on the jig provides real-time measurement of the material removal depth during the lapping operation. In addition, the jig provides a constant normal load on the wafer during the machining process. All wafers used in the experiments are 3-in. lapped Si(111) wafers with initial root-mean-square (rms) surface roughness of 0.4 lm, purchased from Virginia semiconductor.
Two different grades of silicon carbide powders, F-400 and F-600, were used in the experiments. The median sizes of F-400 and F-600 powders are 17.3 lm and 9.3 lm, respectively 2 . Table 1 shows the Federation of European Producers of Abrasives (FEPA) Grading Chart of these two abrasive grits. DI water was chosen as the carrier fluid. In order to study the different distribution of abrasives in slurry, the ratio of the weight of abrasives to the weight of carrier fluid, C, was kept at a constant value of 0.154. Five different ratios of the weight of F-400 powder, W 400 , to the total weight of abrasives, W total , were employed in the experiments to study the effect of different distribution of abrasives in the lapping process. The ratios are W 400 =W total ¼ 0, During the experiments, the angular velocity of the cast iron lapping plate was kept at 70 rpm. The recording of experimental data was started after 3 min of machining in order to avoid the influence of initial surface roughness on the initial material removal. The material removal depth and the angular velocity of the jig were recorded every 5 min. Every experiment lasted for 30 min. Two different loadings, 2.3 and 4.1 kg (5 and 9 lb), were applied on the jig. Therefore, there were ten different settings, including five abrasive distributions each with two loadings. For each setting, six experiments were conducted.
After lapping, the wafer was cleaned by de-ionized water, and the wax was melted to remove the silicon wafer from the glass plate. Surface morphology was examined with a Keyence optical microscope, and the surface roughness was measured with an XP2 profilometer at eight randomly selected locations. Each surface roughness scan is 2 mm in length, which is much larger than the size of fractures on the wafer surface.
3 Results and Analysis 3.1 Material Removal Depth. The reduction of the wafer thickness during the lapping process was measured in real-time by the dial gauge every 5 min. in order to record the history of the material removal rate under different loadings and distribution of abrasive grits. Figure 2 plots the results of experiments.
There are two important observations in the two graphs. First, when W 400 =W total ¼ 0:5, it has the highest material removal rate regardless of the loading being 2.3 or 4.1 kg. When W 400 =W total ¼ 0, with only the F-600 grits in the slurry, the material removal rate is always the lowest. The other three distribution ratios of abrasives have similar material removal rates. However, According to different measurement, there are different results for the distribution of abrasive grits [29] . In this paper, we follow the FEPA grading chart. the material removal rate with 50% mixing ratio at the loading of 4.1 kg is not more prominent than the case with the loading of 2.3 kg. The contrast can be observed from Fig. 2 . Furthermore, the material removal rate is always higher under 4.1 kg loading with the same mixing ratio of abrasive grits, as expected.
Angular
Velocity of the Jig. The angular velocity of the jig is a passive parameter of the lapping experiments and cannot be controlled independent of the speed of the lapping plate. The results were also recorded every 5 min during the experiments and plotted in Fig. 3 to show the history of the angular speed of the jig.
The figures show that the angular velocities of the jig vary within a small range. The jig has higher angular velocity with the lower loading of 2.3 kg than that with the higher loading. This means that the relative angular velocity between the jig and the lapping plate, which has a constant angular velocity of 70 rpm during the experiments, is lower at the 2.3 kg loading. However, there is no significant correlation between the angular velocity of the jig and the other parameters, such as material removal rate or surface roughness.
Surface Roughness.
One purpose of lapping is to flatten the wafer after slicing for better surface quality. Although the chemical-mechanical polishing is the final process to achieve the mirrorlike wafer surface finish, the surface topography after lapping is very important. Figure 4 shows the average rms surface roughness after lapping, measured by the XP2 profilometer with a diamond probe. The figure shows that the surface roughness does not correlate significantly to the increase of loading, as presented in the literature [14, 15] . However, the different ratios of the mixed abrasive grits result in different surface roughness, with the halfhalf mixed abrasive slurry having the highest surface roughness under the same loading.
Comparing to Fig. 2 , we found that the higher material removal rate in the machining operation usually is accompanied by a higher surface roughness. This is intuitive. The results here illustrate that the change of the distribution of abrasive grits will affect material removal rate and surface roughness.
Surface Morphology.
The surfaces of lapped wafers were examined by optical microscope. Features and evidence of cracks, indentation marks, and scratches can be seen on the lapped surface under the microscope. These surface features show the complicated machining mechanisms to shape the surface. Figure 5 shows typical surface morphology of silicon wafer after lapping conducted in this study.
Surface Roughness Model for Mixed Abrasive Lapping
The roughness resulting from the mixed abrasive lapping process is modeled by the roughness contribution resulting from each abrasive powder in the mixed distribution. This is accomplished by a rule of mixtures of the mass percentage of each abrasive constituent in the slurry. By modeling the roughness in this manner, each abrasive particle size can be considered separately, though the contact interaction effect of each particle size on the other will be considered within individual models. Take the roughness generated by the F-400 and F-600 abrasives on the silicon substrate as s , respectively, then combining in a rule of mixtures yields the relationship for the total silicon substrate roughness
where the weight percent ratio is v ¼ W 400 =ðW 400 þ W 600 Þ.
To model the roughness of the lapping process, the mechanics between abrasive particles and the silicon substrate are modeled as spherical particles penetrating the substrate with a constant load. Abrasion is assumed as the dominating material removal mechanism. The general equation for the roughness is based on the penetration depth of an abrasive particle into the silicon substrate. The framework has been presented by Brown et al. [25] and later by Cook [26] , and has been applied to glass polishing, super polishing of metals, and ductile grinding of brittle materials. Here, we extend the model framework to consider mixed abrasive distribution effects on the resulting substrate roughness from mixed abrasive lapping. The model treats the abrasives as spherical particles, where in reality the particles will have sharp asperities that may increase contact depth (roughness) in the model. This assumption was made for simplicity and will be addressed in the future. If a concentration of k spherical abrasive particles (with diameter of /) are in contact with a nominal pressure per particle (p), the roughness for a specific distribution ðR i s Þ is represented by the surface penetration
where p is the nominal pressure of the wafer-platen interface and is determined by dividing the applied load by the nominal wafer area (76.2 mm diameter wafer), and i indicates the abrasive powder (either F-400 or F-600). The reduced modulus of the contact (E r ) is given by
where E s is the Si(111) substrate elastic modulus (¼190 GPa) with the Poisson ratio of s ¼ 0:26, and the SiC particle elastic modulus is E p ¼ 415 GPa, with p ¼ 0:16. These values yield a reduced modulus of E r ¼ 138 GPa. Since the slurry is composed of mixed abrasives, each particle size will contribute to the overall contact and hence roughness of the substrate. Equation (2) is applied to both particle sizes, F-400 and F-600, taking the contributions into consideration separately. The diameters are taken as one standard deviation from the mean, 15.8 and 10.3 lm for F-400 and F-600, respectively. From Eq. (2), the contact is governed by the concentration factor k, where as k becomes small, the roughness increases, due to an increase in the per particle contact load.
The interaction between the F-400 and F-600 particles will affect the resulting individual abrasive powder roughness on the silicon substrate. For a single abrasive case, the general relationship in Eq. (2) shows that as particle concentration decreases there will be a subsequent increase in roughness, due to the per particle load increase, which increases surface penetration. The model predicts a singularity in roughness as k ! 0, where in reality there will be a geometric limit to the roughness based on the particle size and the contact with the substrate and platen, which is onehalf the particle diameter, or R s;limit ¼ 0:5/. For the abrasive particles (either F-400 or F-600), this limit would occur at k ¼ 5:86 Â 10 À8 for P ¼ 40.1 N (4.1 kg), and k ¼ 3:25 Â 10 À8 for P ¼ 22.3 N (2.27 kg). However, the limiting value of roughness for the particle distributions is never reached for the mixed abrasive cases, due to the presence of the second particle distribution in the slurry. For the F-400 case there would be a contact interaction effect beginning at a critical concentration of the F-600 particles, where large diameter particles present in the F-600 distribution begin to make contact. This phenomenon occurs up to a limit based on the F-600 particles reaching full concentration and hence limiting the F-400 particle surface penetration. The penetration limit of the F-400 particles is determined by considering the maximum penetration of the F-600 particles at full concentration in addition to the difference between the F-400 and F-600 particle radius, and is given by
In the case of the F-600 particles, the resulting roughness is affected by the F-400 particle concentration, which for increasing concentration will effectively replace the F-600 particle contacts, limiting the F-600 particles to only the largest in the distribution to contribute to the penetration. The model for the F-400 roughness contribution during mixed abrasive lapping is written as
The concentration k* represents the critical point, where F-600 particles of large enough diameter will begin to contribute to the load bearing and is represented by
where vj %cr is a percentage based on the F-600 particle distribution shape (Fig. 6) . Assuming a normalized linear particle distribution with a maximum at 9.3 lm and a value of 19 lm at 3% of the distribution, the slope of this linear distribution in Fig. 6 between these two points is found to be À0:1%=lm. A critical particle diameter (15.8 lm) is assumed for the F-600 distribution, above which it will contribute to the contact. This value is based on the F-400 particle distribution, and is determined by taking one standard deviation from the F-400 distribution mean value, i.e., 17.3-1.5 lm ¼ 15.8 lm. When the number of F-600 particles greater than 15.8 lm is equivalent to 10% (%cr) of the total number of particle contacts (combined with the F-400 particles) a critical vj %cr can be determined by Table 2 . The slope of the F-600 powder from the mean size to the maximum size is calculated as 20.1%= lm. The tail portion of the F-600 distribution from 15.8 lm to the maximum is 7.3% of the total distribution volume.
where v can vary between 0 and 1, and a is the ratio of the number of critical F-600 particles that could be in contact. The ratio a is determined by the slope above of the F-600 distribution and the intersection of the lower value of the F-400 distribution mean (15.8 lm) and the F-600 distribution, which occurs at a ¼ 7:3%. The value of %cr ¼ 10% is an assumption and states that 10% of the F-600 particles which have a diameter size larger than 15.8 lm will contribute to the contact. It was found that the result of vj %cr within the experimentally measured range of the mixing ratios had small variations in %cr around 10%. Equation (8) yields a value of vj %cr ¼ 0:4. Thus, from Eq. (7), k* ¼ 0.4 k max , for the F-400 and F-600 mixed abrasive slurry. Between concentrations k ¼ 0 to k*, the R 400 s values follow Eq. (6). Since the maximum penetration of the F-400 distribution is given by Eq. (4), the roughness from the F-400 particle distribution will fall on a curve between R 400 s j limit and R 400 s j k¼k Ã ; the latter, which is the intercept with the R 400 s model between k Ã < k < k max , can be determined by Eq. (5) when k ¼ k*. Thus, the roughness between 0 < k < k Ã is bound by the physical particle size limitation of the average F-400 particle and the critical concentration, where the F-600 particles begin to make a significant contribution to the load bearing, affecting the F-600 penetration depth. The R 400 s model in Eq. (6) is fit between these two points where / eff 400 and b are constants. Physically, / eff 400 represents the effective change in the particle diameter with the introduction of the F-600 particles, which will affect the penetration depth. The constant can be solved by
where R 400 s j limit is given by Eq. (4), and b represents a shift in the concentration to take into consideration the addition of the F-600 particles on the load bearing. The constant b can be computed by
which is a function of the maximum concentration factor (k max ) and the pressure, p. Combining the model in Eqs. (4), (5), (6), (9), and (10) piecewise continuously, there is a decrease in the F-400 roughness ðR 400 s Þ from a maximum value at k 400 ¼ 0 to k* and minimizing at k max (Fig. 7) . The decrease in R 400 s with increasing concentration k 400 is expected; as the load per particle decreases, the particle penetration will then decrease. The critical concentration value is generated due to the particle distribution overlap and proximity of the average particle sizes. As the distribution overlap decreases to zero, i.e., the distributions separate, the critical point k* will move towards k 400 ¼ 0. This is a direct result of the reduced interaction between the larger F-600 particles and the F-400 distribution penetration depth. In fact, when the distributions move closer, i.e., an increase in the overlap due to a small separation between the mean values, the maximum depth limit (Eq. (4)) which occurs at the low concentrations of F-400 will decrease; though k* will increase due to a larger distribution overlap.
The model for the F-600 roughness contribution during mixed abrasive lapping is written as ; 0 k 600 k max (11) where k 600 is the volume concentration of the F-600 particles.
Here, / eff 600 is the effective particle diameter of the F-600 distribution and physically represents the effective increase in the particle size due to the introduction of F-400 load bearing particles.
The particle concentration is held constant at k max , since as k 600 decreases, the F-600 particles will be replaced by the larger F-400 particles, keeping the concentration of particles in contact approximately constant. The F-400 interaction effect on the particle diameter is modeled to increase in a linear manner, therefore / eff 600 is represented by / eff 600 ¼ ð1 À vÞ/ 600 þ v/ 400 (12) where / eff 600 ! / 400 as the percentage of F-400 increases, since the F-600 particles will not be the dominate contacts as k 600 ! 0 and will effectively be limited by the F-400 particle size on the particle penetration depth, and hence roughness. Thus, R 600 s j k¼0 ! R 400 s j k¼kmax is a logical conclusion of the model (Fig. 7) . The effect of the F-400 particle interaction on R 600 s will cause a decrease in the roughness parameter over the result of R 600 s , and provide an upper bound at the F-600 low concentrations. The F-600 distribution roughness increases as the concentration k 600 decreases (Fig. 7) up to a limit from the minimum value where k 600 ¼ k max . As the abrasive distributions become similar, i.e., the overlap decreases, R 600 s will have bounding values at high and low concentrations of similar magnitude and become in essence constant or have an extremely shallow slope. This represents the insensitivity the roughness of the smaller abrasive would have due to domination by the larger abrasive in the load bearing contacts. Though, as the distribution overlap decreases, an effect on R 400 s as described above will occur simultaneously due to the changes in abrasive distribution interaction. The two distributions become homogenous as the particle diameters become similar.
The total roughness given by Eq. (1) follows a rule of mixtures based on the mass percentage of the slurry particles for each distribution multiplied by the distribution roughness modeled in Eqs. (5), (6) , and (11). The rule of mixtures assumption provides an approximate representation of the roughness, since it is determining an average over a surface, similar to a roughness average calculation. The percent of active abrasive particles, n, is defined by n ¼ k max =ðC=ðq H2O =q SiC ÞÞ, where C is the mass percent of abrasive in the slurry, which was held constant at 15.4%, and q SiC is the SiC powder density (¼3.16 g=cm 3 ), and is the relationship used to calculate k max . The active abrasive percentage is taken as Fig. 7 Plot of individual roughness contributions from the F-400 and F-600 roughness models, as a function of the concentration factor k. For R 400 s , k is defined by k 400 , though for R 600 s , k is defined by (k max -k 600 ) to plot on the same axis. As abrasive concentration decreases (decrease in k) the roughness decreases for the models of both powders. F-400 is affected by the interaction of the F-600 abrasives beginning at a critical concentration k* 5 0.4 k max , and is the reason for the change in slope of the F-400 roughness curve at k ¼ 0:64 3 10 À6 .
a model parameter, which is fit to the experimental data. The percentage of active abrasives is the only parameter, which is variable to the experimental data and the shape of the model curve is generated solely on the assumptions made and described in the model formulation. Table 2 presents the necessary model parameter values to compute the results found in the following section.
Discussion
In the following sections, we study the relationship among the parameters of the loading, material removal rate, and surface roughness. We found that the abrasive distribution has significant contribution to the outcomes of lapping operation, as shown in Secs. 3 and 4. In this section, the normal loading, material removal rate, and surface roughness will be compared to each other with different abrasive mixing ratios. Results of the surface roughness will be explained in the context of the mixed abrasive roughness model. In Fig. 2 , the material removal depth of the wafers in lapping is nearly linear with respect of time during the operation. Therefore, the average material removal rate is defined as the total removal depth divided by the operation time, 30 min, as listed in Table 3 .
Loading Versus Material Removal Rate.
The results in Table 3 show that higher total loading will result in higher MRR, and the larger abrasive grits will produce higher MRR, as expected. However, the highest MRR happens at the 50% mixing ratio of abrasive grits (Fig. 8) . This is consistent with the results presented in Bhavagat et al. [1] , although the slurry concentrations were not kept at constant for the mixed and singlesized abrasive slurry in that work. In addition, the increase of material removal rate from the single larger abrasive to the 50% mixed ratio abrasive grits is 44% at the loading of 2.3 kg. However, this increase of material removal rate is only 7.8% at the higher loading of 4.1 kg. This means that the mixed abrasive slurry does not significantly affect the material removal rate under higher loadings. The reason could be due to the breakage of abrasives being more severe at higher loading, resulting in similar abrasive distribution during machining. However, compared to lower loading, the higher loading always results in higher material removal rate with the same abrasive mixing ratio.
Loading Versus
Surface Roughness. Table 4 shows the root-mean-square surface roughness value of the wafer surfaces after lapping. From the results, we find that the surface roughness is not dependent on the loading which has been discussed [14, 15] .
Normally, abrasive grits with smaller mean size produce a smoother surface, and larger abrasives produce a rougher surface finish. In the case of mixed abrasive grits, however, it is obvious that the 50% abrasive mixing ratio produces the surface with the highest roughness. In addition, the abrasive distribution affects the surface roughness. Based on the observation from experiments, the surface roughness of wafers lapped by the mixed abrasives is similar quantitatively to the roughness produced by the slurry with single large abrasives. With higher loading at 4.1 kg, the surface roughness with mixed abrasive ratios 0.25, 0.5, and 0.75 have less variation (see Fig. 4 ), as compared with the variation under lighter loading. This variation is also observed in the material removal rates in Fig. 8 . Figure 9 (b) shows a comparison between the model curve (based on Eqs. (1), (5), (6) , and (11)) and the experimental roughness measured for a load of 4.1 kg. Here, n ¼ 3:29 Â 10 À5 and is on a similar order to active particle percentages found by other lapping models [17] . Starting at a low concentration of F-400 (and large concentration F-600) the model predicts a roughness which rises to a maximum value at $ 40%k max and decreases at a lower rate to a roughness value associated with a high concentration of F-400 and low concentration of F-600 particles. The peak occurs due to the individual Transactions of the ASME distributions having the opposite effect on roughness as a function of the concentration. As the normal load is changed, the roughness is found to have a small increase (Fig. 9 ) for a decreasing load (from 4.1 to 2.3 kg), resulting in a change in the active abrasive percentage from 3:29 Â 10 À5 to 1:75 Â 10 À5 after fitting with the experimental data. The decrease in the active abrasives occurs due to fewer large particles in the distribution becoming trapped between the platen and wafer resulting in less particles actively contributing to roughness generation by sliding contact. With fewer active particles, the load bearing on the active particles increases, which increases the particle penetration, and hence the roughness parameter. The slurry with single small abrasives seems to have much lower surface roughness comparing to those mixed with big abrasives. Figure 8 shows material removal rate and surface roughness in the same figure. From the results of this study, it is obvious that the mixed abrasives with the ratio of W 400 =W total ¼ 0:5 has the highest material removal rate, and also with the highest surface roughness. The slurry with only F-600 abrasive grits has the lowest material removal rate, but the best surface quality. These two figures also show that higher material removal rate comes with the consequence of higher surface roughness in the free abrasive machining process under the same loading.
Material Removal Rate Versus Surface Roughness.
The material removal rate follows for the most part a Prestonian relationship [30] , where the MRR is proportional to the applied pressure, or load. What the Prestonian relationship does not consider is the interaction of the mixed abrasive particle distributions. Here, the MRR follows a near identical trend as was observed for the wafer surface roughness after lapping. Choi et al. [31] observed similar changes in the MRR as a function of particle size. Though those authors were only considering a single abrasive distribution, for increasing particle diameter a higher MRR was observed. This is effectively the relationship observed in Fig. 8 , where as a higher concentration of F-400 particles are added, the MRR increases. The continued increase of the MRR, which begins to decrease (Fig. 8(a) ) or actually level-off (Fig. 8(b) ) after the 1:1 mixing ratio can be caused by the initiation of rolling-sliding contact with an increase in the percent solids, i.e., particle concentration [31] . The roughness model presented in this paper predicts a larger number of active abrasives for the higher load (4.1 kg) case, which will in turn create more contact points for material removal to occur, leading to an increased MRR at higher loads.
The main objectives of wafer lapping are to remove the layer of subsurface damage due to slicing and global planarization. It is of interest in the lapping process to have large MRR to save process time. Slight increase in surface roughness can be taken care of in the subsequent polishing processes, as long as further subsurface damage is not introduced. From Table 5 , we found that MRR is increased with 1:1 mixing ratio, especially for the 2.3 kg loading. This increase of MRR observed in experiments is explained by the proposed model through the interaction of abrasive grits of two different sizes.
Overall, the mixed abrasive slurry performs in a similar manner to the single larger abrasive grit in both material removal and surface roughness. The slurry with the single smaller abrasive, on the other hand, performs differently from the others, indicating that any addition of F-400 particles will alter the material removal rate. Furthermore, the 1:1 mixing ratio removed more material, but resulted in a slightly higher surface roughness, due to interaction between two grades of abrasive grits.
Conclusions
In this study, two different sizes of abrasive grits, F-400 and F-600, are mixed in five different ratios to conduct an experimental study on mixed abrasive slurries in the lapping processes. A model based on the Hertzian contact is used to explain the changes of surface roughness resulting from different abrasive mixing ratios. The results show that maximum material removal was achieved at the one-to-one (1:1) abrasive mixing ratio, accompanied by a slightly higher surface roughness than other mixing ratios. Heavier loads always result in higher material removal rates regardless of the abrasive mixing ratios following a Prestonian relationship for material removal. However, the surface roughness does not correlate to the normal load in a significant way. The surface roughness and material removal rate were found to be dependent on the abrasive mixing ratios. To consider the effect of mixed abrasives, the interaction between abrasive sizes was integrated into a contact-based model that explained the trends as a function of mixing ratios and applied load. A critical concentration of the abrasives, k* ¼ 0.4 k max , was determined as the point where the smaller abrasives began to bear load and affect the surface roughness. Although the reduction of surface roughness is one of the main purposes in lapping, the removal of subsurface damage by quickly and efficiently taking down a layer of material is also important. The results in this study show a potential way of increasing the material removal rate for the coarse lapping process. Fig. 9 Plot of the mixed abrasive model and the experimentally measured roughness as a function of F-400 particle concentration for (a) 2.3-kg and (b) 4.1-kg cases Table 5 The increases of MRRand rms surface roughness from pure F-600 and F-400 to 1:1 mixed abrasive slurries
MRR (%)
Roughness (%) 
